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BACKGROUND 


Three  truncated  25 -mm  Bushmaster  gun  tubes  were  fabricated  and  explosively  bonded 
with  tantalum  by  Technology  to  Products  on  the  Leading  Edge,  Inc.  (TPL)  as  part  of  an  Army 
Research  Office  (ARO)  Small  Business  Innovative  Research  (SBIR)  Phase  II  effort.  The  tubes 
had  to  be  shortened  in  order  to  facilitate  the  explosive  bonding  process.  The  highly  tapered 
design  of  the  standard  Bushmaster  gun  tubes  may  lead  to  deformation  or  rupture  of  the  muzzle 
end  during  the  explosive  bonding  process.  Following  fabrication,  the  tubes  were  sent  to  the  U.S. 
Army  Aberdeen  Test  Center  (ATC)  at  Aberdeen  Proving  Ground,  MD,  for  test  firing.  Tube  B 
(smoothbore  design)  was  test  fired  using  a  total  of  1385  rounds  M919  APFSDS-T  ammunition. 
This  ammunition  was  never  fielded  due  to  its  high  flame  temperature  and  condemnation  of 
nitrided  Bushmasters  in  fewer  than  300  rounds.  Tube  C  (no-twist  rifled  design)  was  test  fired 
using  a  total  of  600  rounds  of  this  same  ammunition.  Tube  A  (smoothbore  design)  was  not  test 
fired.  Benet  Laboratories  received  several  sections  from  all  three  tubes  (Figure  1).  The  sections 
received  from  Tube  A  consisted  of  three  full  rings  approximately  1-inch  in  length.  The  sections 
from  Tubes  B  and  C,  consisted  of  three  half  rings  each  (-2  inches  in  length),  and  one  quarter  ring 
each  (-4  inches  in  length).  The  4-inch  length  quarter  rings  were  taken  in  the  areas  of  the  most 
severe  erosion  in  each  tube,  namely,  6  to  10  inches  and  4.5  to  8.5  inches,  in  Tubes  B  and  C, 
respectively. 
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CHARACTERIZATION  PROCEDURE 


All  specimens  provided  were  subjected  to  a  characterization  protocol  based  upon  Benet 
Laboratories  established  protocol  for  protective  coatings.  The  specific  characterizations 
performed  on  these  specimens  were: 

•  Macroscopic  examination 

•  Liner  thickness  measurement 

•  Microstructural  analysis  including  microhardness 

•  Adhesion  testing 

•  Scanning  electron  microscopy  (SEM)  and  energy  dispersive  spectroscopy  (EDS) 

•  Hydrogen  analysis 

•  Wavelength  dispersive  spectroscopy  (WDS) 

•  Pulsed  laser  heating 

The  results  of  these  tests  are  described  below. 

MACROSCOPIC  EXAMINATION 
Tube  A  (Smoothbore-UnfiredI 

The  surface  of  Tube  A  was  smooth  and  reflective  with  the  exception  of  tooling  marks 
that  ran  parallel  to  the  axis  of  the  tube.  The  crosshatched  pattern  left  from  the  honing  operation 
was  readily  visible  to  the  naked  eye.  No  large-scale  defects  were  discemable  in  the  main  bore. 
Toward  the  muzzle  end  there  were  some  irregularities  in  the  surface  of  the  liner.  It  appears  that 
areas  of  the  liner  in  this  region  were  not  thick  enough  to  completely  fill  in  the  liner  subsequent  to 
honing.  This  did  not  seem  to  be  detrimental  to  the  performance  of  the  liner  as  the  same  features, 
unaffected,  are  seen  in  Tube  B  post-firing  (Figure  2). 


Figure  2.  Surface  coating  at  muzzle  end  of 
smoothbore  Tube  B;  note  defects  on  surface. 
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Tube  B  (Smoothbore-Fired) 

The  most  predominant  erosion  patterns  of  Tube  B  were  readily  distinguishable  with 
visual  and  stereomicroscopic  examination.  Heavy  heat-checking  and  thermomechanical/ 
thermochemical  damage  of  the  coating  is  evident  at  the  6-  to  10-inch  location,  along  with  the 
development  of  deep  erosion  troughs  that  extend  well  into  the  steel  (Figures  3  and  4). 


Figure  3.  Severe  heat-checking  and  gas  erosion  exhibited  at  the  6.5-inch  location  of  Tube  B 


Figure  4.  (a)  Severe  heat-checking  and  gas  erosion  exhibited  at  8  inches  from  the 
rear  face  of  the  tube  (RFT),  and  (b)  cross-section  of  Tube  B  at  50X. 


Heat-checking  was  also  evident  at  the  12-  to  14-inch  location,  along  with  a  general 
surface  roughening  as  shown  in  Figure  5a.  This  roughening  is  due  to  the  cracking  followed  by 
some  plastic  flow  and  erosion  in  this  area.  This  was  confirmed  by  metallographic  observations 
made  at  this  location  (Figure  5b). 


Figure  5.  (a)  Surface  roughening  exhibited  at  12  to  14  inches  from 
RFT,  and  (b)  cross-section  of  Tube  B  at  50X. 

Acute  surface  roughening  was  seen  in  the  18-  to  20-inch  location  (Figure  6).  Upon 
metallographic  examination,  it  was  found  that  cracking  also  contributed  to  roughness  at  this 
location.  Here,  the  cracks  are  more  finely  spaced  and  shallower  than  in  the  locations  closer  to 
the  breech. 


Figure  6.  (a)  General  surface  roughening  seen  at  18  to  20  inches  from 
RFT,  and  (b)  longitudinal  cross-section  of  Tube  B  at  50X. 

The  liner  at  the  muzzle  end  (38-  to  40-inch  location)  was  virtually  unperturbed  by  the 

firing. 
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Tube  C  ('No-Twist/Rifled-Firedl 

The  most  dominant  feature  of  the  Tube  C  specimens  was  severe  erosion  of  the  lands  up  to 
about  16  inches  from  RFT  (Figures  7  and  8),  including  near  complete  obliteration  nearest  the 
origin-of-rifling  (4-  to  8-inch  location).  Also,  seen  in  the  liner  of  the  4-  to  8-inch  section  were 
heavy  heat-checking  and  stress  patterns  similar  to  those  observed  in  Tube  B. 


A  general  roughening  of  the  surface  in  the  28-  to  30-inch  location  was  also  observed 
(Figure  9a).  The  roughening  observed  here  is  due  to  both  cracking  and  loss  of  the  coating  at 
what  appears  to  be  an  interfacial  phase  formed  from  the  dual  explosive  bonding  process  (Figure 
9b),  which  will  be  discussed  in  a  later  section. 


Figure  9.  (a)  Wear  and  surface  roughening  at  28  to  30  inches  from 
RFT,  and  (b)  longitudinal  cross-section  of  Tube  C  at  50X. 

Intermittent  mechanical  damage  can  be  seen  on  the  lands  and  in  the  grooves  at  the 
muzzle  end  (38  to  40  inches  from  RFT),  illustrated  in  Figure  10.  The  origin  of  much  of  this 
failure  may  also  lie  in  degradation  at  the  aforementioned  interfacial  phase. 


Figure  10.  Tube  C  damage  to  liner  at  muzzle. 
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LINER  THICKNESS 


Tube  A 

For  Tube  A,  360°  liner  thickness  measurements  were  made  of  the  unfired  explosively 
bonded  liner  at  5.25,  23,  and  40  inches  from  RFT,  using  a  stereomicroscope.  At  5.25  inches,  the 
coating  thickness  is  -'0.038-inch  ±3  mils;  at  23  inches,  the  coating  thickness  is  ~0.040-inch  ±3 
mils;  at  40  inches  (muzzle  end),  the  coating  thickness  is  ~0.041-inch  ±1  mil.  The  small 
percentage  of  deviations  in  liner  thickness  around  the  circumference  is  inconsequential, 
considering  the  thickness  of  the  liner  and  the  fact  that  the  final  product  is  honed  to  a  25-mm  bore 
diameter. 

TubeB 

For  Tube  B,  liner  thickness  measurements  were  made  at  6.5, 10, 14, 20,  and  40  inches 
from  RFT  in  the  fired  smoothbore  specimen.  Assuming  an  initial  liner  thickness  of  ~0.040-inch, 
the  final  thickness  measurements  of  the  liner  agree  well  with  the  bore  gauging  measurements 
taken  during  testing  at  Aberdeen  Proving  Ground  (ref  1).  Figure  1 1  illustrates  several  thickness 
measurements.  See  Table  1  for  complete  coating  thickness  measurements. 
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For  Tube  C,  liner  thickness  measurements  were  made  at  8,  14, 30  and  40  inches  from 
RFT  in  the  fired,  no-twist,  rifled  specimen.  At  the  8-inch  location,  the  lands  were  difficult  to 
distinguish  from  the  grooves  in  the  stereomicroscope,  as  near  complete  obliteration  of  the  lands 
had  occurred  in  this  location.  The  liner  thickness  down  bore  was  much  greater  than  the 
nominally  reported  0.042-  and  0.021 -inch  for  land  and  groove,  respectively;  but  if  in  fact  the 
liner  thickness  was  indeed  0.060-inch  on  the  lands  and  0.037-inch  in  the  grooves,  the  erosion 
data  compiled  at  ATC  would  better  correlate  to  the  thickness  readings.  Figure  12  illustrates 
several  thickness  measurements.  See  Table  1  for  complete  coating  thickness  measurements. 


Table  1.  Liner  Thickness  Data 


Tube  B 

Position  (Inches  from  RFT) 

6.5 

10 

14 

20 

40 

Thickness  Average  (in.) 

0.023 

0.015 

0.029 

0.040 

0.041 

TubeC 

Position  (Inches  from  RFT) 

8 

16 

30 

40 

Land  Thickness  Average  (in.) 

0.036 

0.044 

0.055 

0.059 

Groove  Thickness  Average  (in.) 

0.030 

0.034 

0.032 

0.037 

ADHESION 

Samples  cut  from  Tubes  A,  B,  and  C  were  taken  and  subjected  to  a  modification  of  the  ' 
groove  adhesion  test  outlined  in  ASTM  Standard  B  571-97,  "Standard  Test  Methods  for 
Adhesion  of  Metallic  Coatings."  The  modification  in  the  test  is  a  rotation  of  the  tungsten  carbide 
tool  bit  to  facilitate  a  plowing  of  material,  rather  than  cutting.  This  test  has  been  deemed  more 
rigorous  for  softer  coatings  by  several  Benet  researchers.  All  explosively  bonded  specimens 
taken  from  Tubes  A,  B,  and  C  indicated  no  signs  of  adhesive  or  cohesive  failure  during  the 
groove  test.  As  was  confirmed  with  these  test  pieces,  the  adhesion  attainable  in  explosive 
bonding  tends  to  be  excellent. 

MICROSTRUCTURAL  ANALYSIS  AND  MICROHARDNESS 
Tube  A 


Metallographic  examination  of  the  unfired  specimen  revealed  a  fully  dense,  defect-free 
liner  material  (Figure  13).  Along  much  of  the  steel/tantalum  interface  there  appeared  a  hard, 
brittle  intermetallic  at  all  locations.  The  waveform  of  the  interface  is  illustrated  in  Figure  14. 


intermetallic 


Figure  13.  Metallurgical  features  of  Tube  A  at  50X. 
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Figure  14.  Waveform  exhibited  by  Tube  A  in  axial  direction  at  500X. 

The  microhardness  of  the  unfired  tube  throughout  the  coating  was  ~HKS0  150.  These 
numbers  are  consistent  with  a  work-hardened  pure  tantalum  material.  Several  readings  were  also 
taken  in  the  brittle  intermetallic  present  in  the  coating.  The  microhardness  of  the  intermetallic 
was  ~HK50  900.  Hardness  profiles  taken  in  the  steel  did  not  indicate  the  presence  of  a  heat- 
affected  zone.  The  steel  exhibited  a  tempered  martensite  structure  of  -HK50  365. 

Tube  B 


The  liner  of  Tube  B  exhibited  the  same  bulk  features  as  Tube  A.  The  liner  was  dense  and 
defect-free  and  along  much  of  the  interface,  a  brittle  and  cracked  intermetallic  was  present.  The 
microhardness  of  the  intermetallic  in  this  tube  was  also  -HK50  900.  An  image  illustrating  the 
comparative  hardness  values  of  the  steel,  intermetallic,  and  tantalum  liner  is  given  in  Figure  15. 
Besides  minor  plastic  deformation,  the  steel  microstructure  appeared  relatively  unaffected  by  the 
explosive  bonding  process.  The  one  location  examined  in  which  the  microstructure  of  the  steel 
was  noticeably  altered  occurred  at  the  8-inch  location  (Figure  16b).  Although  the  microstructure 
is  altered,  there  is  no  significant  hardening  or  softening  of  the  steel,  so  the  ramifications  of  this 
insofar  as  fatigue  life  is  concerned  are  unknown. 
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Figure  15.  Tube  B  hardness  variations  of  steel,  liner,  and  intermetallic. 


Figure  16.  (a)  Tempered  martensitic  structure  of  Tube  B  at  500X, 
and  (b)  altered  interfacial  region  at  8-inch  location  at  500X. 

Microhardness  values  taken  at  various  locations  are  given  in  Table  2.  No  significant 
hardening  at  the  surface  of  the  liner  or  at  the  crack  tips  was  found.  Considering  the  oxidation 
potential  of  this  propellant  and  the  brittle  nature  of  the  branched  cracks  at  the  surface,  this  result 
was  initially  unexpected.  The  initial  finding  gives  evidence  that  hydrogen  embrittlement  may 
have  played  a  role  in  the  cracking.  This  will  be  discussed  further  in  a  later  section.  Near  the 
surface  of  the  liner  in  the  hottest  locations,  some  softening  occurred  consistent  with  high- 
temperature  annealing  processes. 


11 


Table  2.  Microhardness  Results 


Location 

Load 

(g) 

Average  Hardness 
(HK) 

Tube  B  at  8  Inches 

Steel 

50 

372 

Liner  Near  Interface 

50 

162 

Liner  -  Bulk 

50 

134 

Liner  Near  Surface 

50 

126 

Intermetallic 

50 

962 

Tube  C  at  8  Inches 

Steel 

50 

365 

Liner  Near  Interface 

50 

160 

Liner  -  Bulk 

50 

155 

Liner  Near  Surface 

50 

132 

Intermetallic 

50 

925 

Interphase  (30-Inch  Location) 

10 

788 

Tube  C 


The  microstructure  of  the  bulk  coating  of  Tube  C  was  dense  and  defect-free.  Again,  an 
intermetallic  was  present  along  much  of  the  interface  of  this  specimen  exhibiting  similar 
properties  as  those  in  Tubes  A  and  B.  From  metallographic  examination,  it  appears  the 
explosive  bonding  process  was  overly  energetic  at  the  30-inch  location.  Here,  a  very  thick 
intermetallic  (~3  to  5  mils)  was  present  as  is  illustrated  in  Figures  17  and  18.  Along  with  this,  a 
shallow  heat-affected  zone  is  present  in  the  steel  at  the  interface  of  the  intermetallic. 


Figure  17.  Thick  intermetallic  of  Tube  C  at  30  inches  from  RFT  at  50X. 
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Figure  18.  Thick  intermetallic  and  heat-affected  zone 
of  Tube  C  at  30  inches  from  RFT  at  500X. 


Besides  the  intermetallic  at  the  interface,  there  also  appeared  to  be  an  intermetallic  in  the 
liner  itself  (Figure  19).  This  is  believed  to  be  due  to  the  dual  explosive  bonding  process  in  the 
rifled  tube  in  which  two  liners  were  explosively  bonded  successively,  and  then  the  rifling 
broached  out.  The  appearance  of  this  intermetallic  is  strange  in  that  it  should  be  a  pure 
tantalum/tantalum  bond  at  this  interface.  This  intermetallic  is  similarly  brittle  to  the 
iron/tantalum  intermetallic  and  prone  to  cracking  (Figure  20).  The  hardness  of  this  intermetallic 
is  ~HK5o  800.  The  composition  of  this  intermetallic  was  examined  using  SEM  and  EDS  as 
discussed  below. 


Figure  19.  Unidentified  phase  in  rifled  liner  of  Tube  C  at  150X. 


Figure  20.  Inteiphase  degradation  of  Tube  C  at  (a)  8-inch  location,  and  (b)  30-inch  location. 

SCANNING  ELECTRON  MICROSCOPY  AND  ENERGY  DISPERSIVE 
SPECTROSCOPY 

Both  SEM  and  EDS  were  performed  on  samples  taken  from  Tubes  B  and  C  to  better 
observe  the  nature  of  the  cracking  in  the  coatings,  as  well  as  the  compositions  of  the  intermetallic 
phases.  The  intermetallic  present  at  the  interface  is  an  iron/tantalum  alloy  as  illustrated  in  Figure 
21.  The  compositional  analysis  attained  was  expected  considering  results  from  past 
characterization  efforts  on  explosively  bonded  tantalum  (ref  2). 


intermetallii 


Figure  21 .  Results  of  EDS  on  interfacial  intermetallic  of  Tube  C. 


Initially,  it  was  postulated  that  the  intermetallic  present  at  the  tantalum/tantalum  interface 
in  Tube  C  was  possibly  an  oxide  or  an  unknown  pure  phase  of  tantalum  formed  through 
explosive  bonding.  Upon  inspection  by  SEM,  it  was  discovered  that  the  unknown  "interphase" 
was  not  viewable  using  standard  SEM  or  compositional  electron  back-scattering  techniques, 
indicating  that  it  is  in  all  probability,  a  pure  tantalum  phase.  In  conformity  with  this,  the  material 
present  cannot  be  considered  an  intermetallic  and  will  heretofore  be  referred  to  as  an  interphase. 
In  order  to  perform  EDS  on  the  interphase,  a  marker  taken  with  an  optical  microscope  was  used 
as  illustrated  in  Figure  22.  The  EDS  results  confirm  that  the  phase  is  indeed  pure  tantalum.  As 
of  yet,  the  exact  phase  and  crystal  structure  of  this  material  is  unknown.  It  exhibits 
microhardness  values  close  to  that  of  the  metastable  phase  (3 -tantalum  (tetragonal),  but  the 
presence  of  this  phase  is  improbable  due  to  the  fact  that  it  has  only  been  formed  in  the  past  by 
vapor  deposition  techniques.  Another  possibility  is  the  formation  of  omega  (to)  phase 
(hexagonal)  tantalum,  which  is  believed  to  be  a  shock-induced  phase  introduced.by  high  strain 
rates.  This  phase  has  been  produced  in  the  past  by  explosively  driven  shock-recovery  within 
tantalum  cylinders  (ref  3). 


Figure  22.  Results  of  EDS  on  the  interphase  developed  in  Tube  C. 
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Figure  23  illustrates  the  very  brittle  nature  of  the  cracking.  This  is  unexpected 
considering  the  softness  of  the  liner  and  the  very  high  ductility  of  pure  tantalum.  The  occurrence 
of  these  branched  brittle  cracks  rules  out  pure  thermal  fatigue  as  the  primary  mode  of  cracking 
and  since  no  significant  hardening  was  discovered  around  the  crack  tips,  it  is  unlikely  the 
embrittlement  is  due  purely  to  oxidation.  In  hydrogen  embrittlement  of  pure  tantalum, 
significant  hardening  is  generally  not  observed.  This  leads  us  to  believe  the  embrittlement  of  the 
coating  at  the  surface  may  be  due  to  hydrogen  absorption.  To  confirm  this,  residual  hydrogen 
concentration  analyses  were  conducted  and  will  be  discussed  later. 


Figure  23.  Brittle  branched  cracking  at  surface  of  the  Tube  C  tantalum  liner  at  1 100X. 

In  addition.  Figure  23  illustrates  a  gray  layer  observed  on  the  surface.  Based  on  EDS 
results,  this  layer  appears  to  be  a  tantalum  oxide  (Figure  24).  This  is  further  supported  by  the 
WDS  results  described  next. 
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Figure  24.  Results  of  EDS  on  surface  layer  of  the  Tube  C  tantalum  liner. 

The  substantial  oxygen  peak  observed  indicates  the  presence  of  a  surface  oxide. 

WAVELENGTH  DISPERSIVE  SPECTROSCOPY 

Wavelength  dispersive  spectroscopy  was  conducted  on  sections  taken  from  Tube  B  to 
determine  the  nature  and  composition  of  the  tantalum  liner  surface.  The  results  indicate  that 
there  is  a  tantalum  oxide  on  the  surface.  The  data  is  semi-quantitative  and  comparing  the  results 
taken  from  the  surface  of  the  explosively  bonded  tantalum  (Appendix  A)  and  those  taken  from  a 
tantalum  oxide  chip  (Appendix  B),  gives  conclusive  evidence  of  the  presence  of  an  oxide. 

Results  are  given  in  values  of  wt.  %.  Note  the  comparable  findings  with  concern  to  tantalum  and 
oxygen. 
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HYDROGEN  ANALYSIS 


A  LECO  hydrogen  determinator  was  implemented  to  determine  the  concentration  of 
hydrogen  in  the  explosively  bonded  coatings.  The  liner  was  removed  from  the  steel  substrate 
through  the  use  of  a  tungsten  carbide  too  bit.  As  was  expected,  the  coating  exhibited  a  high 
content  of  hydrogen  in  the  coating.  The  results  are  listed  in  Table  3.  The  fact  that  a  higher 
residual  hydrogen  concentration  was  measured  for  Tube  B  is  logical  considering  that  the 
smoothbore  gun  tube  endured  1385  rounds,  whereas  the  rifled  bore  Tube  C  endured  only  600. 

TABLE  3.  Hydrogen  Concentration  in  Liner 


Sample 

Mass 

(g) 

WppmH 

Average  wppm  H 

Tube  B  at  18  Inches  from  RFT  #1 

#2 

EM 

BIIjI 

EgH 

153.40 

Tube  C  at  14  Inches  from  RFT  #1 

#2 

mmm 

Mm i 

118.50 

121.00 

119.80 

Tube  A 

0.2436 

32.04 

32.04 

PULSED  LASER  HEATING 

To  determine  the  thermomechanical  integrity  of  the  liners  and  if  the  residual  hydrogen 
concentration  of  Tube  B  was  sufficient  to  induce  hydrogen  embrittlement,  pulsed  laser  heating 
was  conducted  on  samples  taken  from  the  fired  Tube  B  and  the  unfired  Tube  A.  Also,  in  order  to 
examine  the  thermomechanical  integrity  of  the  interface,  the  samples  were  ground  to  a  thickness 
of  ~5  to  10  mils. 

Experimental  Approach 

Two  specimens  were  prepared  for  pulsed  laser  heating  experiments.  Sample  A  was  taken 
from  the  unfired  Tube  A,  and  Sample  B  was  taken  from  Tube  B.  The  specimens  were  cut  from 
ring  sections  of  each  tube  at  locations  30  inches  from  RFT  for  Tube  A,  and  8  inches  from  RFT 
for  Tube  B.  The  specimen  from  Tube  A  was  cut  to  an  approximate  size  of  8x7x2.5-mm,  and  the 
specimen  from  Tube  B  was  cut  to  an  approximate  size  of  6x7x2.5-mm.  Each  was  ground  flat  to 
ensure  a  coating  thickness  that  ranged  from  5  to  10  mils.  Grinding  began  with  240  grit  and 
ended  with  600  grit  silicon  carbide  paper. 


In  the  pulsed  laser  heating  experiments,  radiation  from  a  neodymium-doped  yttrium 
aluminum  garnet  (Nd:YAG)  laser  was  delivered  to  each  test  specimen  surface.  The  wavelength 
of  the  radiation  was  1064  nanometers,  the  pulse  duration  was  5-ms  (at  half  maximum),  and  the 
spot  diameter  at  the  specimen  surface  was  2.6-mm  for  both  spots  on  Tube  A.  For  Tube  B,  spot  1 
diameter  =  2.6-mm  and  spot  2  =  3.4-mm.  Since  the  depth  of  the  high  temperatures  and  high 
thermal  gradients  is  typically  less  than  0.2-mm,  the  heat  flow  for  most  of  the  heated  area  is 

approximately  one-dimensional  and  normal  to  the  surface,  as  it  would  be  on  an  actual  gun  bore 
surface.  & 
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A  significant  portion  of  the  laser  energy  may  be  reflected  rather  than  absorbed,  depending 
on  surface  roughness  and  oxidation,  both  of  which  may  change  during  heating.  Therefore,  the 
absorbed  energy  was  measured  calorimetrically,  using  a  thermocouple  spot-welded  to  the 
opposite  face  of  the  specimen  to  measure  the  specimen's  overall  temperature  rise.  The  need  to 
measure  the  overall  temperature  rise  limited  the  size  of  the  specimens  to  the  dimensions  given 
earlier.  All  pulse  energy  values  quoted  are  for  energy  absorbed  rather  than  incident. 

Both  specimens  were  laser  pulsed  in  two  separate  locations  with  average  energy  densities 
ranging  from  0.90  to  1.10  J/mm2,  as  indicated  below.  Note:  1.0  J/iran2  is  representative  of  the 
thermal  input  into  cannon  bores  with  conventional  high-temperature  propellants. 

Following  laser  pulsing,  the  specimens  were  cross-sectioned,  mounted,  and  then 
mechanically  polished  using  silicon  carbide  sandpaper,  followed  by  a  final  polish  with  7  pm 
diamond  paste  and  a  slurry  of  0.05  pm  alumina  oxide  powder  and  water.  All  imaging  was 
performed  using  a  1LM21W  Nikon/Lasertech  Laser  Scanning  Confocal  Microscope  System  in 
the  two-dimensional  optical  mode. 

Experimental  Results 

Sample  A  from  Tube  A:  General  Observations 

Etching  revealed  banding  parallel  to  the  tube  axis  throughout  the  steel  substrate  of 
Sample  A,  as  shown  in  the  cross-section  of  Figure  25.  There  are  many  occurrences  of  inclusions 
oriented  along  the  bands.  These  features  reflect  the  quality  of  material  used  for  the  manufacture 
of  this  gun  tube. 


Figure  25.  Substrate  steel  of  unfired  explosively  bonded  tantalum-coated  gun  tube  at 
magnification  200X.  This  cross-section  is  perpendicular  to  the  bore  and  parallel  to  the  tube  axis. 
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Also  observed  was  the  formation  of  an  intermetallic  phase  found  at  random  locations 
throughout  the  irregular  explosively  bonded  tantalum/steel  interface,  as  shown  in  Figure  26.  As 
no  heat-affected  zone  is  seen  adjacent  to  these  regions,  this  intermetallic  phase  was  produced 
without  high  heating.  These  results  are  consistent  with  the  cold  welding  process  attributed  to 
explosive  bonding. 


Figure  26:  Explosively  bonded  tantalum/steel  interface  of  Sample  A  at  magnification  2000X. 

Laser  Pulsing  of  Sample  A.  Tube  A.  Snot  1 

Sample  A  was  laser  pulsed  in  two  locations.  Spot  1  was  laser  heated  with  23  pulses,  the 
first  3  at  or  below  0.86  J/mm2  and  the  next  20  at  an  average  of  1 .09  J/mm2.  (Because  it  is 
impossible  to  predict  the  percent  of  energy  that  will  be  absorbed,  a  low-incident  energy  was 
selected  for  the  first  few  pulses  in  order  to  avoid  overshooting  and  delivering  more  energy  than 
desired.)  Figure  27  shows  a  region  of  the  surface  near  the  center  of  spot  1  following  the  23 
pulses. 
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Figure  27.  Laser  pulsed  region  of  unfired  explosively  bonded 
tantalum  coating  at  magnification  2000X. 


Staining  throughout  the  pulsed  region  indicates  that  an  oxide  layer  formed  during 
heating.  It  was  observed  that  there  is  a  tendency  for  rapid  oxidation  of  the  explosively  bonded 
tantalum  during  pulsing  in  air  at  ambient  conditions.  The  surface  cracks  shown  here  are 
representative  of  those  found  throughout  spot  1,  with  widths  ranging  from  approximately  0.5  to 
3.0  )im. 


Figure  28  shows  the  cross-section  of  spot  1  taken  at  a  magnification  200X.  This  image 
illustrates  cracking  of  the  brittle  intermetallic  phase,  along  with  the  formation  of  a  small  heat- 
affected  zone  in  the  steel  adjacent  to  the  interface.  Coating  thickness  is  approximately  210  Jim 
within  the  pulsed  region. 


Figure  28.  Laser  pulsed  spot  1  at  magnification  200X. 
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While  fine  cracking  of  the  intermetallic  phase  was  seen  throughout  some  locations  along 
the  interface,  larger  cracks  were  found  in  the  intermetallic  phase  within  the  laser  pulsed  regions. 
Figure  29  shows  the  interface  of  spot  1  at  increased  magnification. 


Figure  29.  Effects  of  laser  pulsing  spot  1  at  magnification  1200X. 


Here  die  heat-affected  zone  is  seen  to  extend  approximately  8  to  15  pm  into  the  steel 
substrate.  It  is  nonuniform,  and  appears  along  the  waveform  where  the  steel  rises  higher  into  the 
coating.  Figure  30  shows  a  2-  to  3-pm  thick  oxide  layer  that  has  formed  on  the  tantalum  surface. 
Within  the  cross-sections  of  the  laser-heated  spots,  no  surface  cracks  have  progressed  through 
the  oxide  layer,  suggesting  that  the  explosively  bonded  tantalum  is  resistant  to  crack  propagation 
from  thermal  shock. 


Figure  30.  Surface  oxide  layer  from  laser  pulsing  spot  1  at  magnification  2000X. 


Laser  Pulsing  of  Sample  A.  Tube  A.  Spot  2 


As  previously  stated,  Sample  A  was  laser  pulsed  in  two  locations.  Spot  2  was  similarly 
heated  with  23  pulses,  the  first  3  at  or  below  0.81  J/mm2  and  the  last  20  at  an  average  of  1.09 
J/mm2.  Figure  3 1  shows  a  region  of  the  surface  near  the  center  of  spot  2  following  the  23  pulses. 


Figure  31.  Laser  pulsed  region  of  Tube  A  liner  at  magnification  2000X. 

The  surface  cracks  shown  here  are  similar  to  those  found  on  spot  1,  with  widths  ranging 
from  approximately  0.5  to  3.0  pm.  Again,  staining  throughout  the  pulsed  region  indicates  that  an 
oxide  layer  had  formed  during  heating.  Figure  32  shows  the  cross-section  of  spot  2  taken  at 
magnification  200X. 


Figure  32.  Laser  pulsed  spot  2  at  magnification  200X. 
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Figure  32  also  illustrates  once  again,  the  highly  irregular  interface  with  small  regions  of 
intermetallic  phase  present.  A  heat-affected  zone  is  also  seen  in  the  steel  adjacent  to  the 

interface.  Coating  thickness  is  approximately  210  |im  within  the  pulsed  region.  Figure  33  shows 
this  interface  at  increased  magnification. 


Figure  33.  Effects  of  laser  pulsing  spot  2  at  magnification  1200X. 

Here  the  heat-affected  zone  is  seen  to  extend  approximately  8  to  10  (im  into  the  steel 
substrate.  It  is  nonuniform  and  appears  where  the  steel  rises  higher  into  the  coating.  Figure  34 
shows  a  2-  to  3-jxm  thick  oxide  layer  that  has  formed  on  the  tantalum  surface.  Within  the  region 
shown,  one  surface  crack  has  progressed  through  the  oxide  layer. 


Figure  34.  Surface  oxide  layer  from  laser  pulsing  spot  2  at  magnification  2000X. 
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Sample  B  from  Tube  B:  General  Observations 

Similar  to  the  unfired  specimen,  etching  revealed  banding  parallel  to  the  tube  axis  and 
inclusions  throughout  the  steel  substrate  of  Sample  B,  as  shown  in  the  cross-section  of  Figure  35. 


Figure  35.  Substrate  steel  of  fired  explosively  bonded  tantalum-coated  gun  tube  at 
magnification  200X.  This  cross-section  is  perpendicular  to  the  bore  and  parallel  to  the  tube  axis. 

Laser  Pulsing  of  Sample  B.  Tube  B.  Spot  1 

Sample  B  was  laser  pulsed  in  two  locations.  Spot  1  was  laser  heated  with  22  pulses,  the 
first  2  at  or  below  0.95  J/mm2  and  the  next  20  at  an  average  of  1.10  J/mm2.  Figure  36  shows  a 
region  of  the  surface  near  the  center  of  spot  1  following  the  22  pulses. 


Figure  36.  Laser  pulsed  region  of  unfired  explosively  bonded 
tantalum  coating  at  magnification  2000X. 
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Staining  throughout  the  pulsed  region  indicates  that  an  oxide  layer  had  formed  during 
heating.  Unlike  the  unfired  explosively  bonded  coating,  here  the  surface  is  found  to  consist  of 
several  ledge-like  features.  While  no  surface  cracks  are  shown  within  this  region,  inspection  of 
the  cross-section  in  Figure  37  shows  that  minor  surface  cracking  occurred. 


Figure  37.  Laser  pulsed  spot  1  at  magnification  200X. 


Figure  37  also  shows  the  formation  of  a  heat-affected  zone  adjacent  to  the  irregular 
explosively  bonded  tantalum/steel  interface.  Coating  thickness  is  approximately  190  pm.  Figure 
38  shows  the  interface  at  increased  magnification.  Here  the  heat-affected  zone  is  seen  to  be 
fairly  uniform,  and  extends  approximately  10  to  15  Jim  into  the  steel  substrate. 


Figure  38.  Effects  of  laser  pulsing  spot  1  at  magnification  1200X. 
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Figure  39  shows  a  2-  to  3-pm  thick  oxide  layer  that  has  formed  at  the  tantalum  surface. 
Here  a  surface  crack  is  shown  that  has  progressed  through  the  oxide  layer  into  the  explosively 
bonded  tantalum,  and  has  propagated  about  9  pm  into  the  coating. 


Figure  39.  Surface  oxide  layer  from  laser  pulsing  spot  1  at  magnification  2000X. 

Laser  Pulsing  of  Sample  B.  Tube  B,  Spot  2 

As  previously  stated.  Sample  B  was  laser  pulsed  in  two  locations.  Spot  2  was  laser 
heated  with  23  pulses,  the  first  3  at  or  below  0.72  J/mm2  and  the  next  20  at  an  average  of  0.91 
J/ram2.  Figure  40  shows  a  region  of  the  surface  near  the  center  of  spot  2  following  the  23  pulses 
Similar  to  spot  1,  this  surface  is  seen  to  consist  of  several  ledge-like  features.  While  no  surface 
cracks  were  seen  within  this  region,  inspection  of  the  cross-section  of  this  specimen  shows  that 
minor  surface  cracking  did  occur. 


Figure  40.  Laser  pulsed  region  of  unfired  explosively  bonded 
tantalum  coating  at  magnification  2000X. 
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Figure  43  shows  a  2-  to  3-jim  thick  oxide  layer  that  has  formed  at  the  tantalum  surface. 
Within  this  region,  one  surface  crack  has  progressed  through  the  oxide  layer. 


Figure  43.  Surface  oxide  layer  from  laser  pulsing  spot  2  at  magnification  2000X. 
Comments 


Results  from  Benet  Laboratories  pulsed  laser  heating  studies  of  explosively  bonded 
tantalum  liners  indicate  that  this  material  has  good  resistance  to  thermal  shock  and  to  thermal 
fatigue.  Both  fired  and  unfired  coatings  show  excellent  adhesion  to  steel  substrates. 

Intermetallic  phase  formation  was  found  at  random  locations  throughout  the  irregular 
coating/steel  interface  and  is  attributed  to  the  explosive  bonding  process.  Fine  cracking  of  the 
intermetallic  phase  was  often  seen.  In  the  laser  pulsed  regions,  by  contrast,  relatively  large 
cracks  tended  to  form  in  the  intermetallic  phases. 

Following  pulsed  laser  heating,  cracking  was  more  perceptible  in  Tube  B  as  opposed  to 
Tube  A.  For  the  unfired  tube,  cracking  was  not  expected  since  very  little  hydrogen  was  present. 
The  outcome  was  uncertain  for  the  fired  tube  considering  the  residual  hydrogen  content  was 
relatively  high  (-150  wppm).  Although  some  surface  cracking  did  occur,  the  nature  of  the 
cracking  was  not  brittle  and  branched  as  that  seen  in  the  characterized  fired  tubes.  It  is  possible 
that  a  hydrogen  gradient  was  present  in  the  coating  and  the  overall  concentration  was  lower  near 
the  interface.  In  addition,  during  gun  firing,  the  local  concentration  of  hydrogen  would  be  much 
higher  at  the  crack  tip  and  thus  embrittlement  would  be  much  more  likely. 


29 


DISCUSSION 


TubeB 


The  basic  erosion  mechanism  observed  in  the  fired  smoothbore  tube  appears  to  be  a 
process  involving  several  steps  (ref  4).  Due  to  the  high  flame  temperatures  and  reactive  nature 
of  the  "original"  M919  propellant  in  which  both  reducing  (H2)  and  oxidizing  constituents  are 
present  (ref  5),  along  with  the  lack  of  high-temperature  oxidation  resistance  of  pure  tantalum,  the 
predominant  mechanism  causing  the  initial  uniform  erosion  of  the  liner  may  have  been 
thermochemical  in  nature.  One  proposed  mechanism  is  the  persistent  formation  and  subsequent 
removal  of  a  surface  oxide.  This  mechanism  is  supported  by  several  facts.  First,  pulsed  laser 
heating  at  high  enough  energy  on  sputtered  tantalum  has  led  to  the  formation  of  a  surface  oxide 
scale  in  laboratory  air.  Also,  x-ray  fluorescence  and  EDS  examination  of  the  surface  of  the  fired 
tube  give  evidence  of  an  oxide  present.  Of  course,  at  the  sustained  temperatures  of  the  firing 
test,  particularly  in  the  rapid-fire  mode  bursts,  a  type  of  thermomechanical  erosion  may  also  have 
played  an  important  role.  The  liner  will  have  experienced  significant  softening  and,  in  turn,  the 
potential  for  swaging  and  sloughing  off  of  the  coating  by  the  sweeping  gases  is  increased.  This 
mechanism  has  been  exhibited  in  past  tantalum  coatings  (ref  6).  It  is  likely  that  the  erosion 
process  is  a  combination  of  both  thermomechanical  and  thermochemical  processes. 

Following  sufficient  uniform  erosion  of  the  liner,  the  propensity  for  blow-by  of  the  hot 
gases  due  to  poor  obturation  increases.  This  stage  of  the  erosion  process  is  illustrated  by  the  gas- 
wash  grooves  shown  in  Figures  3  and  4.  The  inset  in  Figure  3  is  an  example  of  a  gas-wash 
groove  following  along  the  heat-check  cracking  caused  by  hydrogen  embrittlement.  The  heat- 
check  cracks  act  as  a  conduit  for  the  axially  oriented  gas-wash  grooves,  thus  increasing  the  speed 
of  this  erosion  process.  Figure  44  is  a  cross-section  taken  at  the  10-inch  from  RFT  location,  and 
illustrates  the  severity  and  dominance  of  the  hot  gas  erosion  at  this  stage.  The  final  stage  of  the 
erosion  process  exhibited  in  this  tube  is  in  full  erosion  of  the  liner  at  an  axially  oriented  groove 
and  subsequent  rapid  erosion  in  the  steel  as  is  illustrated  in  Figure  45. 


Figure  44.  Stereomicrograph  of  severe  gas  erosion  in  Tube  B  at  10  inches  from  RFT  at  10X. 
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Figure  45.  Severe  erosion  of  underlying  steel  in  Tube  B  at  8  inches  from  RFT  at  15X. 

Tube  C 

The  main  area  of  concern  in  the  erosion  of  the  no-twist  rifled  Tube  C  is  the  obliteration 
and  overall  damage  to  the  lands  extending  down  bore  to  at  least  16  inches  from  RFT. 

Considering  that  the  gun  bore  consisted  of  a  no-twist  rifling  alignment,  the  mechanical  stresses 
on  the  liner  were  not  as  severe  as  would  be  the  case  in  a  true  Bushmaster  gun  tube. 

The  overall  erosion  characteristics  and  cracking  of  Tube  C  are  similar  to  that  of  Tube  B 
with  the  exception  of  failure  of  the  liner  at  the  interphase  tantalum  formed  by  the  dual-explosive 
bonding  process.  The  presence  of  this  phase  at  an  interface  near  the  surface  of  the  liner  may  lead 
to  extensive  premature  liner  spallation  of  the  lands  during  firing. 

CONCLUSIONS/RECOMMENDATIONS 

Explosively  bonded  tantalum  was  applied  to  three  modified,  previously  fired,  Bushmaster 
barrels.  Prior  to  the  explosive  bonding  process,  each  barrel  had  been  machined  to  remove  all  of 
the  existing  rifling  and  any  erosion  from  prior  firing.  All  the  tubes  had  been  shortened  to 
approximately  40  inches,  since  it  was  felt  that  the  explosive  bonding  process  would  rupture  the 
forward,  thinner-walled  portions  of  the  barrels.  Tubes  A  and  B  were  cladded  and  machined  to  a 
smoothbore  25-mm  configuration,  while  Tube  C  was  cladded  and  machined  to  a  straight-rifled 
(no-twist)  25-mm  configuration. 


The  explosive  bonding  technology  demonstrated  here  was  shown  to  have  made 
significant  improvement  over  explosively  bonded  cylindrical  coupons  provided  to  Benet 
Laboratories  during  2000.  Adhesion  of  the  tantalum  to  the  substrate  is  superior  and  though  an 
undesired  intermetallic  still  exists  between  the  tantalum  and  the  substrate,  its  overall  presence 
has  been  reduced  from  past  specimens  characterized.  A  few  technical  concerns  regarding  the 
liner  material  itself  include  the  softness  of  the  tantalum  and  its  chemical  reactivity  as  discussed 
in  the  previous  section.  It  would  be  beneficial  to  explore  the  cladding  of  tantalum  alloy  liners 
with  alloy  additions  aimed  specifically  at  increasing  strength,  wear  resistance,  and  corrosion 
resistance.  Alloying  additions  that  may  be  useful  include  molybdenum  and  tungsten.  Both 
molybdenum  and  tungsten  act  as  fairly  potent  hardening  agents  of  tantalum.  In  addition  to 
increased  hardness  and  strength,  it  has  been  shown  that  molybdenum  increases  the  ability  of 
tantalum  to  resist  hydrogen  embrittlement  (ref  7).  While  alloying  would  be  beneficial,  the 
degree  of  strengthening  must  be  closely  monitored  considering  that  for  successful  explosive 
bonding,  a  material  must  have  a  percent  elongation  of  16  to  20  (ref  8).  This  limitation  still  leaves 
room  for  improvement  in  mechanical  properties.  For  instance,  commercially  pure  electron  beam 
melted  tantalum  has  an  elongation  of  -30  to  40%  and  a  yield  strength  of  ~5  Ksi  at  1000°C  while 

Ta-lOW  has  an  elongation  of  -25%  (within  limits  of  explosive  bonding)  and  a  yield  strength  of 
-30  Ksi  at  1000°C  (ref  9).  J  S 

Aside  from  pure  materials  issues,  from  an  armaments  perspective,  it  is  important  to 
understand  that  extrapolations  of  this  test  data  to  fielded  weapon  system  performance  may  be 
premature.  The  test  assets  used  in  this  research  demonstration  (smoothbore  and  no-twist  rifled 
25-mm  barrels)  do  not  represent  any  fielded  system  at  this  time.  The  current  fielded  25-mm 
Bushmaster  barrel  employs  gain-twist  rifling  that  offers  a  harsher  mechanical  environment  than 
no-twist  rifling  or  a  smoothbore  design. 


In  summary,  the  characterization  results  indicate  a  significant  improvement  has  been 
made  in  the  explosive  bonding  process  during  the  last  few  years.  As  evidenced  by  the  increase 
in  barrel  life  over  standard  nitrided  Bushmasters,  this  process  continues  to  demonstrate  great 
potential  as  a  wear  and  erosion-resistant  coating  deposition  process  for  protecting  the  bores  of 
cannon  barrels.  Additional  work  should  be  pursued  in  the  area  of  wear  and  erosion  mitigation 
technologies,  and  the  work  described  here  is  certainly  worthy  of  continuation  to  this  end. 
Further  work  will  be  necessary  to  perfect  the  explosive  bonding  process,  apply  and  test  it  on 
existing  weapon  platforms,  as  well  as  address  the  significant  full-scale  manufacturing  issues. 
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APPENDIX  A.  X-RAY  FLUORESCENCE  DATA  FOR  TUBE  B 
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APPENDIX  B.  X-RAY  FLUORESCENCE  DATA  FOR  TANTALUM  OXIDE  CHIP 
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TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST 


NO.  OF 
COPIES 

DEFENSE  TECHNICAL  INFO  CENTER 
ATTN:  DTIC-OCA  (ACQUISITIONS)  2 

8725  JOHN  J.  KINGMAN  ROAD 
STE  0944 

FT.  BELVOIR,  VA  22060-6218 


COMMANDER 
U.S.  ARMY  ARDEC 

ATTN:  AMSTA-AR-WEE,  BLDG.  3022  1 

AMSTA-AR-AET-O,  BLDG.  183  1 

AMSTA-AR-FSA,  BLDG.  61  1 

AMSTA-AR-FSX  1 

AMSTA-AR-FSA-M,  BLDG.  61  SO  1 

AMSTA-AR-WEL-TL,  BLDG.  59  2 

PICATINNY  ARSENAL,  NJ  07806-5000 

DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-DD-T,  BLDG.  305  1 

ABERDEEN  PROVING  GROUND,  MD 
21005-5066 


DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-WM-MB  (DR.  B.  BURNS)  1 
ABERDEEN  PROVING  GROUND,  MD 
21005-5066 

CHIEF 

COMPOSITES  &  LIGHTWEIGHT  STRUCTURES 
WEAPONS  &  MATLS  RESEARCH  DIRECT  1 
U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-WM-MB  (DR.  BRUCE  FINK) 
ABERDEEN  PROVING  GROUND,  MD  21005-5066 


NO.  OF 
COPIES 

COMMANDER 

U.S.  ARMY  RESEARCH  OFFICE 

ATTN:  TECHNICAL  LIBRARIAN  1 

P.O.  BOX  12211 

4300  S.  MIAMI  BOULEVARD 

RESEARCH  TRIANGLE  PARK,  NC  27709-221 1 

COMMANDER 

ROCK  ISLAND  ARSENAL 

ATTN:  SIORI-SEM-L  1 

ROCK  ISLAND,  EL  61299-5001 

COMMANDER 

U.S.  ARMY  TANK-AUTMV  R&D  COMMAND 
ATTN:  AMSTA-DDL  (TECH  LIBRARY)  1 

WARREN,  MI  48397-5000 

COMMANDER 

U.S.  MILITARY  ACADEMY 

ATTN:  DEPT  OF  CIVIL  &MECHENGR  1 

WEST  POINT,  NY  10966-1792 

U.S.  ARMY  AVIATION  AND  MISSILE  COM 
REDSTONE  SCIENTIFIC  INFO  CENTER  2 

ATTN:  AMSAM-RD-OB-R  (DOCUMENTS) 
REDSTONE  ARSENAL,  AL  35898-5000 

COMMANDER 

U.S.  ARMY  FOREIGN  SCI  &  TECH  CENTER 
ATTN:  DRXST-SD  1 

220  7TH  STREET,  N.E. 

CHARLOTTESVILLE,  VA  22901 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING  CENTER, 
BENET  LABORATORIES,  CCAC,  U.S.  ARMY  TANK-AUTOMOTIVE  AND  ARMAMENTS  COMMAND, 

AMSTA-AR-CCB-O,  WATERVUET,  NY  12189-4050  OF  ADDRESS  CHANGES. _ 


